The plexus of vascular bundles in the nodes of grasses is notoriously complex, where long axial bundles pass through a network of transverse bundles. The xylem pathways for water in maize stems have been investigated anatomically and with dye and particulate tracers, revealing some of the details of this complexity. Only approx. 3 % of axial vessels pass through nodes without being interrupted by end walls. Axial bundles at nodes dier from those in internodes in having the metaxylem and protoxylem vessels connected by small tracheary elements. So it is only at nodes that exchange of sap occurs between the large vessels within a bundle. End walls, acting as ®lters for particles and gas bubbles, always separate axial vessels from vessels in transverse bundles. The high redundancy of bundle connections in the nodal plexus is interpreted as providing alternative water pathways to bypass embolisms and damaged or diseased sections of the xylem. The pores in the ®lters at the base of nodes and between axial and transverse vessels within nodes are 520 nm in diameter. Where axial vessels connect to transverse vessels, a variety of unusual shapes of vessel elements mediate two-and three-way connections within the plexus.
INTRODUCTIOǸ
In the internodes of grass haulms, the course of the bundles is vertical, but, at the level of the nodes, horizontal strands are met with, which connect the vertical strands, and anastomose into an elaborate plexus. To some extent the horizontal strands link up the bud-and root-bundles with the vertical system.' (Arber, 1934) . As sap moves from roots to leaves in maize it must pass through these complex plexuses of vascular conduits in the nodes of the stem. The structural complexity of these plexuses in the grasses has been described by many workers, and in particular, the studies by Evans (1928) with maize, Arber (1930) with ®ve species, Sharman with maize and wheat (Sharman, 1942; Hitch and Sharman, 1971) , and Kumazawa (1958 Kumazawa ( , 1961 with maize are classics. These studies showed, as Evans (1928) noted, that in the node`. . . the branching of the vascular bundles was so intricate and the branches so tortuous as to defy solution'. In contrast to this complexity, the orderly course of the vascular bundles through grass internodes is easily followed, and their regular arrangement as seen in transverse sections appears as a model of stem vascularization in most introductory texts.
Despite the complexity of the xylem of grass nodes, the physiological implications have received scant attention. It is well recognized, however, that the vascular plexuses provide the connections between vascular bundles of the stem and those of the leaves to give a continuum of vascular conduits throughout the shoot. The basal nodes of grasses also serve as points of exchange (Hoppe et al., 1986) where sap from individual roots can be distributed to conduits leading ultimately to all the leaves (dramatically demonstrated in plants grown on a single seminal root : Passioura, 1972 , in wheat; Shane and McCully, 1999, in maize) , or a single nodal root (Brouwer and Locher, 1965, in maize) .
A hint that grass node xylem may aect the water relations of the plant beyond the distribution of sap among conduits has come from the study of Dong et al. (1997) with sugarcane. In the variety they studied, dye in solution, drawn up canes by transpiration, did not reach the leaves. In the metaxylem most of it was stopped at the ®rst node reached and none passed more than three nodes. Anatomical investigation of the sugarcane nodes revealed that the dye had accumulated in the nodes at sumps (as de®ned by Canny, 1990a Canny, ,b, 1995 where the water left the vessel lumens and entered living cells before returning to more distal vessel lumens. The living cells were providing an ultra®lter which separated the dye from the water.
Preliminary observations (Dong, McCully and Canny, unpubl. res.) indicated that there was no such xylem partitioning by living cells in maize nodes, since the transpired dye moved through long stems to reach all the leaves in a few minutes. In both species, however, there was blockage of the movement of small latex particles at nodes, with subsequent wilting of the leaves, suggesting the presence in the nodes of vessel ends with intact pit membranes which were the ®lters.
Filtering partitions in xylem conduits are critical to limit the spread of microbes or soil particles introduced into the system through wounds or by pathogen activity (see Dong et al., 1997) . Also, without such safety ®lters, air entering a wound in a vessel would result in embolization of the entire length of the opened conduit and its connections, none of which could be re®lled as long as the wound remained open.
The older studies of nodal anatomy could not reveal the ®lters that stopped particles because their delicate structure would not survive the harsh preparation methods then available. In this study we have explored the architecture of the xylem in the maize nodes, ®rst by the conventional techniques of retting and maceration, but also seeking to observe and characterize ®ltering structures by use of cryoscanning electron microscopy (cryoSEM) of fresh tissue. The location and porosity of the ®lters were determined by perfusing the structures with dye solutions, suspensions of latex particles and gold sols.
MATERIALS AND METHODS

Plant material
Eight-week-old mature plants of Zea mays L. (`Seneca Chief' or`41-417', Pickseed Company, Lindsay, Ontario, Canada) approx. 2 . 5 m high, with approx. 20 nodes were used for the study. Plants were grown in the ®eld at the Central Experimental Farm, Agriculture Canada in a wellwatered sandy loam soil or in the glasshouses at Carleton University, Ottawa, Canada in large (approx. 1 Â 0 . 5 m) soil-®lled plastic tubs and pots (approx. 21 cm inner diameter). The glasshouse soil was prepared by mixing one part sphagnum peat moss to one part standard soil mixture (Pro Mix, RivieÁ re-du-Loup, QueÂ bec). High intensity metal halide lamps (16 h of light) were used to supplement daylight in the glasshouse and plants were watered twice daily and fertilized once a week with a solution of N : P : K (20 : 20 : 20) in dechlorinated water.
Location of water pathways and ®lters
Choice of tracers. Four dierent tracers (0 . 05 % aqueous basic fuchsin, 0 . 05 % sulphorhodamine G, green latex suspension and a gold sol) were used to investigate the vessel pathway and continuity of unobstructed vessel lumen in maize stems. Dye solutions were ®ltered before use.
Basic fuchsin is a positively charged, red dye (MW 323 . 83) that stains ligni®ed walls red. It has been successfully used to trace the continuity of xylem connections in maize roots (McCully and Canny, 1989; McCully and Mallett, 1993) . We also examined pathways for water transport through living cells using the dye sulphorhodamine G (MW 552 . 6 ). This is a negatively charged red dye that is also¯uorescent. In contrast to basic fuchsin, it binds only very weakly to cell walls. It has been used to locate sumps (accumulations of dye at points where the transpiration stream enters living cells and the dye is left behind) at vessel endings in leaves (O'Dowd and Canny, 1993; Canny, 1995) and stems (Dong et al., 1997) . Both basic fuchsin and sulphorhodamine G are small enough molecules to pass through the ®lters formed by pit membranes at vessel ends. A dilute latex suspension was prepared from a commercial green latex paint to give particles with a maximum diameter of 220 nm. Such particles will not pass through pit membranes at vessel ends (Zimmermann and Jeje, 1981) . Gold colloid, HAuCl 4 , hydrogen tetrachloroaurate (Sigma Chemical Co., St. Louis, MO, USA) with an average particle diameter of 20 nm (s.d. 1 . 4 nm) (Lot no. 26H8290) was used to further ascertain the pore diameter of the ®lters.
Application of tracers. (a) By transpiration. Tracers were introduced to the xylem water pathway in two ways; either directly into the stems through the cut surface of the third internode above the soil, or into the stems through the cut surface of a root (several roots from each tier of nodal roots or the primary root).
The 38 plants that had tracers supplied directly to the cut internode were ®rst carefully excavated and the root ball immersed in water. The stem was then excised under water. The cut end was placed in clean water, recut one internode above, and immersed in the tracer solution/suspension. To encourage transpiration the shoots were exposed to a gentle breeze from a fan. After 12±16 h in paint suspension or 1± 2 h in dye solution the shoots were quickly transferred to fresh water and left to transpire for 2±4 h before sectioning.
The plants that had tracers supplied directly to roots remained in the soil while a short length of intact root was exposed and placed in a small water-®lled Styrofoam box with a notch in each end to let the root pass through. The root was cut under water and then quickly moved into a small plastic test tube containing tracer solution. After 1± 2 h, the solution was replaced by water and, after a further 1 h the root was sectioned to determine tracer distribution. Sixteen roots ( from the primary to the 6th nodal roots) were tested by this technique.
Latex particles and basic fuchsin were introduced simultaneously and separately into approx. six axial bundles at the cut surface of the same internode. We cut the internode with a razor blade so as to leave two protruding (2 cm long) parenchyma tissue blocks containing four to six axial bundles each (Fig. 1) . Small plastic tubes, one containing a few millilitres of basic fuchsin solution, the other, latex suspension, were sealed, one over each of the two tissue blocks, by pushing the tubes up into the internode, so that each block would conduct a dierent tracer (modi®ed from Evans, 1928) . A similar tracer study using a single dye (Evans, 1928) showed that the very small number of axial bundles in solution did not support the water demand. The remaining cut surface of the internode with the two sealed vials was therefore immersed in water for 1±2 h to allow the transpiring shoots to take up the tracer solutions (and water was taken up through the hundreds of other axial bundles not in tracer) without wilting. The stem was then sectioned to determine dye and paint distribution. The double tracer feed was applied to two plants.
(b) By reverse¯ow. We used a modi®ed version of a technique used by North and Nobel (1998) to mimic water ¯ow from shoots to roots of desert succulents during drought. Stems of plants growing individually in pots were cut o in the ®rst internode. A short length of Tygon plastic tubing was secured to the exuding stumps with twist ties and para®lm to make a water tight seal. The tube was ®lled (10 ml) with latex suspension and the pots then immersed in a 1 M sucrose solution overnight. Water is drawn out of the roots osmotically creating a reverse¯ow of water from the stem to the roots. In the morning the stem base and roots were sectioned in transverse and longitudinal planes to locate accumulations of the latex particles. This test was carried out with eight plants.
Locating tracers. The distribution of the basic fuchsin tracer was determined in hand-cut transverse sections of nodes and internodes mounted in water by observation of stained xylem walls with stereo or compound microscopes. Sections of two stems fed sulphorhodamine G were cut by hand under paran oil. This procedure retains the watersoluble dye in situ (O'Dowd and Canny, 1993) . Sections were mounted under coverslips in paran oil and viewed with bright®eld optics for crystals of solid dye, and with uorescence optics under UV excitation for low concentrations of dye in solution.
Particle accumulation was studied in 20 plants. Accumulated latex (18 plants) and gold particles (two plants) stayed in uncut vessels during hand sectioning and aqueous mounting of fresh material and were easily detected in the microscopes. Thick (200±300 mm) hand-cut sections, and large blocks of stem tissue from six plants containing the particles were also prepared by clearing in 80 % lactic acid for at least 1 week. These sections were mounted in lactic acid and observed for accumulation of particles. Some tissues containing latex particles were also retted or macerated and then cleared in lactic acid.
Structural studies
(a) Retting. This method has been used to study the vascular system of nodal plexuses (Evans, 1928) and root± shoot junctions (Sharman, 1942) in corn. The method removes the parenchyma and ground tissues by rotting, but leaves intact vascular bundles and other highly ligni®ed tissues.
The bases of the six stems (nodes 1±10, terminology of Hoppe et al., 1986) were excised, washed, and the nodal roots and leaves trimmed o. The entire stem base (approx. 15 cm) was then bisected longitudinally, or smaller pieces of nodal tissue were cut from chosen regions of the stem, washed and trimmed to an appropriate shape. The tissues were placed into jars (1 litre) and ®lled with water containing a few crushed pea and corn seeds to speed decomposition. The jars were covered in aluminium foil with the lids loosely ®tting, and stored for up to 2 months. Extra water was added as required to keep tissues submerged. Gloves were worn during the handling of the retted tissues because of the danger of botulism from the bacteria living in the anaerobic conditions. Ligni®ed tissues were freed from rotted parenchyma by washing in a strong jet of water and/or air, the retted tissue was then placed in 90 % ethanol for 2 d, then removed and allowed to air-dry. Retted tissues were observed with optical and scanning electron microscopes.
(b) Maceration. Small pieces of nodal and internodal tissue from four stems were macerated in a solution of 10 % chromium trioxide and 10 % nitric acid (1 : 1) for 2±24 h at room temperature (O'Brien and McCully, 1981) . The tissue was then washed thoroughly with water and gently teased apart with ®ne forceps and dissecting needles while viewing it with dark ®eld optics under the stereoscope. Vessel elements were transferred by pipette to staining solutions (Table 1) and observed with the optical microscope.
(c) Cryo-scanning electron microscopy (cryoSEM). CryoSEM of fresh tissues was used to examine xylem structure. Small blocks (approx. 5 Â 5 mm) of nodal and internodal tissue were cut from fresh stems with a razor blade. Sections were axed to the surface of stubs with carbon black paste (Leit C; Neubauer Chemikalien, MuÈ nster, Germany) and allowed to dry in air until any water on the surface evaporated (approx. 2±5 min) then frozen directly in the preparation chamber (À1708C) of the cryoSEM (Craig and Beaton, 1995) . Any frost on the surface was sublimed in the microscope column by warming the sample stage to À908C while the specimen was FIG. 1. Arrangement for feeding solutions of dye and suspended particles separately and simultaneously to a maize shoot. The shoot has been cut through an internode near its base and trimmed at the cut end to leave two narrow, elongated blocks of internode tissue, each containing four to six axial bundles. Each block is enclosed by a tube (A and B), one containing particle suspension and the other dye solution. The entire lower part of the internode (tubes A and B and the cut surface C) is immersed in water in container D, and this water is drawn by transpiration up those stem bundles exposed to it at the cut surface. At the same time, particle suspension and dye solution are drawn up those bundles exposed in tubes A and B. Modi®ed from Evans (1928) . Â1.
continuously observed at 1 kV. When the frost disappeared the sample was recooled (À1708C), then gold-coated and observed in secondary electron mode at 7±15 kV. Dried retted material was also cut into small tissue blocks and mounted on stubs as above. The sample was further dried in the vacuum of the preparation chamber and gold coated and observed on the stage of the SEM at ambient temperature. Twenty-two nodes were examined with the SEM.
(d) Sectioning and staining. Serial sections (longitudinal or transverse) were cut through nodes and internodes, fresh or ®xed in 10 % formalin ( formaldehyde Lot no. 5016 KEPV, Mallinckrodt AR 1 Inc., Paris, Kentucky). Sectioning was either by hand or with a Vibratome (Series 1000 sectioning system, Soquelec, Montreal, Canada). Staining was with reagents listed in Table 1 .
Microscopy and photomicrography
Optical microscopy was with an Olympus VANOX system with SPlan and UVFL series objectives and an Olympus SZH stereoscope equipped with dark ®eld optics. Fluorescence was observed with a UV exciter ®lter (UG-1, 350 nm) and a`U' barrier ®lter (L-420 with built-in dichroic mirror, DM 400) or a UV exciter ®lter and a`V' barrier ®lter (Y-455 with built-in dichroic mirror, DM 455). Photomicrographs were recorded in black and white on Kodak TMax 100, 35 mm ®lm, and in colour on Agfachrome RSX 100 slide ®lm, using appropriate colour correction ®lters for bright®eld images.
Scanning electron microscopy (SEM) and CryoSEM were done on a JSM 6400 (JEOL Ltd., Tokyo, Japan) equipped with a cryo-transfer unit (CT, 1500, Oxford Instruments, Eynsham, Oxford, UK) for low temperature studies (Huang et al., 1994) . Samples were observed in secondary electron mode at 7±15 kV. Scanning electron images were recorded with Kodak TMax 100, 120 ®lm.
RESULTS
Morphology of stem regions studied
A complex vascular bundle network was present at the stem bases where internodes had not developed between the ®rst six nodal plexuses. The network comprised two bundle types, axial and transverse, which were tightly interwoven, like the weave in a fabric ( Fig. 2A) . Sections through the sixth node showed 300±400 parallel axial bundles with diameters ranging from 200±500 mm (the largest located in the centre of the stem) surrounded by perhaps thousands of transverse bundles, 80±200 mm in diameter. Sections that included nodal-root attachment regions showed that some transverse bundles at the periphery of the plexus turned upward to link with the vascular system of the roots, which joined the stem just above the node ( Fig. 2A, G) . Only axial bundles passed upwards from the sixth plexus into the ®rst internode which was approx. 2 cm long (higher internodes were up to 20 cm) and these were continuous through the more distal nodes. Most bundles were parallel but some diverged ( Fig. 2A, B) .
Each nodal plexus was asymmetric. The axial bundles at the base were always somewhat enlarged and distorted, and most were connected with one or more transverse bundles spreading out in all directions (see Figs 2E±G, 3I±K ). The frequency of these connections between bundle types decreased upward through the plexus, and the axial bundles were completely separate from each other at the top of the node (Fig. 2C) . Transverse bundles rami®ed and connected throughout each plexus, the unbranched regions of these bundles not exceeding approx. 1 mm. Axial bundles, while connected to each other at the base of the nodes through the transverse system, were not connected at the top of the nodes or in the internodes.
Axial bundles in internodes usually contained two late metaxylem (LMX) vessels (80±100 mm diameter), one to two protoxylem vessels (within a lacuna), and phloem, all separated by parenchyma cells (Fig. 3D) . In contrast, where these bundles lay within the nodes they each contained two to six (sometimes more) LMX vessels (40±100 mm diameter) and several protoxylem vessels, all separated by a bed of small, irregular connecting xylem elements (Fig. 3E) . Transverse bundles in the plexuses usually had one to four small diameter LMX vessel elements (10±30 mm diameter) (Fig. 3K, L) , but larger transverse bundles containing eight LMX vessels were observed occasionally with vessel elements as wide as 50 mm.
Eects of tracers on water supply to leaves
Shoots transpiring in basic fuchsin for 1±2 h had only the largest veins of their lower leaves coloured red. These leaves had lost some turgidity and drooped. In contrast, sulphorhodamine G was drawn rapidly throughout the shoots colouring all the leaves pink/red in 51 h. These leaves were only slightly wilted. Almost all the leaves on shoots transpiring for 12±16 h in latex suspension were rolled and¯accid. In each experiment the shoots were subsequently transferred to fresh water but none of the leaves recovered full turgidity.
Water pathways revealed by the dyes
Basic fuchsin stained ligni®ed walls red as it moved through the vessel elements of bundles, and this stain was retained after¯ushing with water, revealing clearly the pathway of the transpired dye. The bundle system architecture that accounted for the rapid spread of dye solution into, through, and throughout the nodes and internodes, was seen clearly in thick longitudinal sections cleared in lactic acid (Fig. 3A) . Dye was distributed along most axial bundles in the ®rst internode above the cut surface and was also drawn into most of the transverse bundles in the plexus directly above (Fig. 3A) . Approximately the same number of axial bundles carried dye through the plexus and the second internode. However, sections through more distal internodes and nodes showed progressively fewer dye-stained bundles indicating some restriction of dye movement.
The distribution of dye in axial bundles within internodes was dierent from that in nodes. In the internodes the walls of one or both of the LMX (and occasionally protoxylem) vessels were stained but there was no stain in the walls of the parenchyma cells between these vessels (Fig. 3D) . However, in the axial bundles at nodes, dye had also stained the walls of many of the connecting xylem elements as well as those of the LMX and protoxylem to which they were linked (Fig. 3E) .
Sulphorhodamine G did not stain xylem walls enough to be detected in bright ®eld after¯ushing with water, but enough dye adhered to the walls to give them a yellow uorescence under UV excitation. In contrast to the distribution pattern of basic fuchsin, that of sulphorhodamine¯uorescence showed that this dye was transpired freely in both axial and transverse bundles throughout all the internodes and nodal plexuses from the base to the top of the shoots. These results contrast with those of sugarcane stems where numerous heavy accumulations of solid sulphorhodamine (red in bright ®eld) at nodes indicated dye ®ltering (sumps) where the transpiration stream passed into the symplast (Dong et al., 1997) . Few such sumps were found in maize and they occurred only at the top of the ®rst internode above the cut surface.
Restriction of distribution of latex particles
In contrast to the relatively unrestricted passage of dye solutions through the bundle system, the distribution of particles was very limited.
(a) When transpired. Latex particle accumulation in the bundles was easily observed in retted stem sections cleared in lactic acid (Fig. 3B ). Particles were drawn up into all the axial bundles distal to the cut surface of the internode, but almost all particles were stopped at the base of the ®rst node above the cut or approx. 2±3 mm below this node (Fig. 3B) . Less than 3 % of axial bundles containing green latex passed through the ®rst node, and no particles were drawn into transverse bundles of the plexus. No particles moved beyond the third node from the cut surface.
Sections below the ®rst node showed that most vessels (including protoxylem) in nearly every axial bundle were packed with latex particles (Fig. 3G) . Beyond the ®rst node, particles were limited to one or two vessels in the few bundles that showed particles and were found only rarely in the protoxylem. At the base of the node the vessels were convoluted and distorted (like the bundles themselves) and most vessels ended. These terminal vessel elements were irregular, and short 50±100 mm (Fig. 3F) . Latex particles, unable to pass through the pit membranes on the end walls, collected in pit cavities and ®lled the lumens of many terminal elements and did not pass through the pit membranes separating adjacent elements (Fig. 3M) .
Latex particles drawn by transpiration through cut surfaces of roots moved only as far as the root base, regardless of which node the roots originated from. No particles entered any of the stem bundles. Particles ®lled root vessels leading into plexuses of the basal nodes but were stopped by pit membranes at vessel end walls where they connected with the vessels of axial bundles.
(b) When drawn toward the roots osmotically. When the latex suspension was drawn from the cut surface of the ®rst internode toward the roots osmotically, particles were drawn into vessels of several axial bundles but were stopped shortly after the axial bundles entered the very dense stack of compressed plexuses at the base of the stem. Particles in the vessels of axial bundles were trapped on pit membranes and did not enter vessels of the transverse bundles. No particles entered the roots.
Double tracer experiment
Latex particles in suspension drawn by transpiration into approx. six axial bundles of a cut internode were not found outside these bundles anywhere along the subsequent path (Fig. 3H) . In contrast, basic fuchsin fed simultaneously to another small set of axial bundles in the same internode spread out into two to three times as many axial bundles at the ®rst node from the cut surface by moving through connected transverse bundles (Fig. 3H) .
Xylem structure at plexuses in relation to tracer pathways A variety of structural features of dierent types of vessel elements in plexuses was observed. These may account for the dierent pathways taken by solution and particle tracers. The terminology used to describe these elements is similar to that used in our earlier study of xylem structure at branch root junctions (Shane et al., 2000) .
Connecting elements. We term those xylem elements that join the LMX vessels and protoxylem within axial bundles in the plexus, and those that join axial and transverse bundles,`connecting elements'. The connecting elements located between vessels in enlarged axial bundles at nodes were irregular, 20±50 mm in length, 5±30 mm in width. Lumens of adjacent connecting elements were joined through perforations (15±30 mm in diameter) and/or pit pairs with intact pit membranes (Fig. 4A, B) . Vessels in axial bundles were always joined to connecting elements through a common pitted wall with intact pit membranes, never perforations (Fig. 4C) . Occasionally an axial vessel element had an opening (10±15 mm in diameter) in the lateral wall, but the adpressed wall ( pitted with intact pit membranes) of a connecting element always separated their lumens (Fig. 4D) . These pitted walls between axial vessels and connecting elements would account for the exclusion of particles from transverse vessels. Macerates included small connecting elements that joined LMX vessels by way of a convex pitted wall which ®tted snugly into the opening in the lateral wall of a large vessel element (Fig. 4D) . Because of their shape, we term these small special elements`basket connecting elements'. The basket element had a perforation but pit membranes were intact (observed by cryoSEM) (Fig. 4F) . Some basket connecting elements and the LMX vessel elements that they would have ®tted into were found separately, or still connected, in macerates (Fig. 4E, G) .
A few unusual connecting elements had one lateral wall similar to the end wall of an immature vessel element i.e. a large portion of their otherwise pitted lateral wall had a circular ligni®ed rim surrounding an intact diaphragm (Fig. 5A±F) . These diaphragms stained faintly pink with toluidine blue and ruthenium red (Table 1) indicating the presence of acidic polysaccharides. There was no residual cytoplasm in these connecting elements (Fig. 5A, D) . In tracer preparations, latex particles, detected with the cryoSEM, accumulated on one side of the diaphragm between some adjacent connecting elements (Fig. 5E, F) . Thus, these elements were mature and water conducting and their diaphragms had ®ltered the particles out of the suspension as water passed through.
Macerates of transverse bundles contained xylem elements that accommodated several simultaneous linkages (Fig. 4H, I ). Many of these branching elements were irregularly shaped (Y-and T-shaped) and had one to several perforations (10±40 mm in diameter) in their lateral walls (Fig. 4H, I ). These elements were of variable length (20±500 mm) and diameter (10±160 mm) and occurred at diverging or converging transverse bundles throughout the plexus. Where a bifurcated vessel entered a transverse vein the ®ltering diaphragm could be within the transverse vein, and perfused paint particles could then be found within the transverse vein.
Where are the ®lters located?
Our tracer studies revealed at least four locations for ®lters in the xylem conduits. For example, any particles that gained entry into an LMX vessel within an axial bundle would be con®ned there by ®lters located between the vessels within the bundles. In the internodes these ®lters would be living parenchyma cells, in the nodes they would be the pit membranes of connecting xylem between the vessels. The particulate could, at most, pass through two nodes before encountering a ®lter where an axial vessel ends at the base of a plexus and here the ®lters are the pit membranes at vessel end walls. At the nodal plexuses any passage of particles into the vessels of the transverse bundles is further blocked by another set of ®lters, the pit membranes between vessels, and pit membranes and still intact vessel element end walls in xylem connecting elements leading to transverse bundles. Finally, if particles were to enter a vessel in transverse bundles by some damage to the stem, movement in these vessels would be limited by the numerous ®lters located within the transverse conduit system (both pit membranes and still intact vessel element end walls). The occasional ®nding of organisms con®ned to single LMX vessels (Fig. 3J) highlights the importance of these ®lters to the plant.
What is the nature of the ®lters?
The latex particle tracers suggest that the pore size in the various ®lters within the xylem system is 5220 nm in diameter. We further tested the pores using gold particles 20 nm (s.d. 1 . 4) in diameter and found no dierence between the distribution of gold in the vessels compared to that of the latex particles. This suggests that the maximum pore size in the ®lters is 520 nm. Pit membranes and large ®ltering diaphragms were delicate and easily damaged by maceration, sectioning and drying ( Fig. 4B and Fig. 5 ; Shane et al., 2000) . FIG . 2. Vascular bundle network of maize stems. A±E, Retted stems; A, B, optical microscopy; C±E, conventional SEM. A, Stem base bisected longitudinally. The basal six nodes are appressed with no distinguishable internodes below the one (I) subtending node seven (N). The complex, interwoven bundle network plexus at each node contrasts with the discrete axial bundles in the internodes. Most of the axial bundles pass uninterrupted through the nodes. NR, Nodal root. Â2 . 5. B, Detail of a plexus as in A. The direction of the axial bundles that pass through the node may be slightly altered within the node. Axial bundles (AB) are enlarged at the base of each plexus and distorted where each is joined to transverse bundles (TB). Several axial bundles were removed from this preparation to show more detail. Â4. C, Axial bundles (AB) exiting the top of a nodal plexus are unconnected to the interwoven transverse bundles (TB) and have resumed their normal internodal shape. Some axial bundles were removed (holes) for clarity. Â8. D, A tangential face view of the plexus in C, showing several cut transverse bundles (TB) and parts of two axial bundles (AB). Â15. E, Axial bundles (AB) within a node connected by a transverse bundle (TB). Vessels (arrows) within the transverse bundle form connections to vessels of the axial bundles. Â170. F and G, Transverse, hand-cut sections of nodes, cleared in lactic acid, stained with Toluidine blue and viewed with bright-®eld optics. F, An axial bundle containing two LMX vessels (*) and protoxylem is surrounded by transverse bundles one of which (arrow) connects directly to the axial bundle. Â55. G, Nodal root primordia (NR) are connected to the transverse bundle network at the top of a node before they emerge from the stem. The vascular system of each nodal root joins many axial stem bundles (arrows) via transverse bundles. Â7 . 5.
DISCUSSION
The maize stem node is complex enough`to defy solution' (see Introduction), but we claim to have identi®ed several useful generalizations from this complexity. In summary, these are:
(1) Axial bundles at nodes are anatomically dierent from those in internodes. (2) Vessels in approx. 3 % of the hundreds of axial bundles in internodes are continuous through a node. (3) There is much redundancy evident in the connections of transverse bundles to axial bundles and between transverse bundles. (4) The exchange of vessel contents between vessels within axial bundles and between vessels in separate axial bundles occurs only at the nodes. Special connecting elements join vessels within the axial bundles, and then join these connected vessels with vessels in the transverse bundles. (5) End walls ( ®lters) always separate the vessels in axial bundles from vessels in transverse bundles.
These generalizations will be elaborated, and their implications for water transport and xylem safety discussed.
Anatomy
In internodes the large metaxylem vessels within axial bundles are always separated by parenchyma cells with no apparent special features. At plexuses these parenchyma cells are replaced by the connecting xylem elements which join together the lumens of the large vessels. Connecting elements such as these are common at certain locations within the maize plant and have been identi®ed between vessels in large leaf veins (Esau, 1965) and at branch-root junctions (McCully and Mallett, 1993; Shane et al., 2000) . In maize roots the connecting elements may join together up to 60 % of the main root LMX vessels. The ®nding that where an axial bundle enters the base of a plexus the number of LMX and protoxylem vessels increases (Fig. 3E,  I , J) suggests that these vessels lead to and supply the vessels in the abundant connected transverse bundles, some no doubt leading to leaf traces.
There is general agreement (Arber, 1930; Sharman, 1942 ) that the transverse bundles, and hence the transverse xylem tissues in the plexuses, are derived from parenchyma cells separating the axial bundles. The division of these cells in irregular planes subsequent to their formation at the apical meristem could result in the many short and irregular vessel elements and connecting elements in plexuses, like those found in the plexus at branch-root junctions (Shane et al., 2000) .
Vessel continuity
The pathway for water transport, revealed by the dye tracer, is found to be continuous from the root vessels into the stem vascular bundles, and along the vessels within axial bundles in internodes and upwards through plexuses for the length of the stem (Fig. 3A) . This suggests that living cells which separate vessels in sugarcane stems (Dong et al., 1997) are not important in maize nodes. Water and dye pass freely in maize from the vessels in axial bundles into the vessels of connected transverse bundles at each plexus. The movement of dye, and hence of water, through the connecting elements between vessels within axial bundles at plexuses, and between vessels in separate bundles via the vessels of transverse bundles that connect them, illustrates how the whole volume of the stem xylem is, for water, a single continuous space. FIG. 3 . Nodal plexuses of maize stems. A±C, Tracers drawn into axial bundles through the cut surface of an internode during transpiration. Longitudinal sections through the ®rst node above the cut surface, and portions of the adjoining internodes. A, The bundles are red because basic fuchsin has stained the walls of the xylem vessels within. The same number of axial bundles is stained above and below the node. Dye has passed freely into almost all of the transverse bundles and stained their vessel walls. Â2 . 8. B, Green latex particles (maximum diameter 220 nm) trapped on vessel end walls show that most vessels in almost all the axial bundles end just below each node. Particles do not enter the transverse bundles. Retted sample, cleared in lactic acid. Â3 . 3. C, Dark deposits of gold particles (20 nm average diameter) are distributed like the green latex particles shown in B. Gold particles also do not enter the transverse bundles. Section cleared in lactic acid. Â3 . 4. D and E, Transverse sections of axial bundles in material prepared as in A. D, In an internode. Dye has been drawn through only one LMX vessel and has not moved laterally into the other LMX vessel or the protoxylem (PX). Â125. E, In a node. Dye has moved laterally between LMX and protoxylem (PX) vessels through connecting xylem elements (arrow). Â90. F and G, Material prepared as in B. F, Longitudinal section of two distorted axial bundles directly below a node. The LMX vessel elements are very short and the lumens of several are ®lled with green latex particles. The path of the vessels into the node becomes tortuous much like the bundles themselves. Â30. G, Transverse section through two axial bundles that have LMX vessels packed with green latex particles. A transverse bundle (arrow) passes between the axial bundles and has been sectioned longitudinally. There are no particles in the vessels of the transverse bundles. Â90. H, Green latex particles and dye solution were drawn simultaneously and separately into a few axial bundles through the cut surface of an internode. This transverse section is through the ®rst node above the cut surface. Dye solution has passed into many more axial bundles (arrows) than were fed dye via the stained transverse bundles. Green latex particles did not move out of the vessels in the axial bundles (arrowheads) into which they were drawn. Â15. I and J, Transverse sections of an axial bundle in the base of a node. I, This bundle has four LMX and several protoxylem vessels (PX). Small xylem connecting elements join the vessels in a bundle (arrowheads). At least one of the LMX vessels is joined to a transverse bundle (lower right of the micrograph). Toluidine blue stain. Â210. J, The axial bundle contains at least two LMX vessels and many connecting elements. A transverse bundle joins the axial bundle (upper left of micrograph). One of the LMX vessels in the axial bundle (arrow) contains a foreign organism. Rhodamine B and aniline blue induced uorescence. Â160. K, A transverse bundle (arrow) with many irregularly-shaped xylem vessel elements. An LMX vessel in an axial bundle (AB) is connected with the xylem of the short transverse bundle (arrow) by irregular connecting elements (arrowheads). The transverse bundle has central phloem surrounded by vessels. Staining and optics as in J. Â230. L, A very small diameter transverse bundle. The two phloem poles (green) are interspersed with many xylem elements. Preparation as in J and K. Â210. M, Longitudinal wall between two vessels showing that green latex particles are too large to pass through the pit membranes from the right-hand vessel (RV) to the adjoining vessel (LV) and have accumulated in the pits as water has moved out from the RV vessel. Hand cut longitudinal section at the base of a node like that in B. Â500.
We agree with Zimmermann and Brown (1971) that continuity of bundles in the stem has nothing to do with continuity of vessels, and re-emphasize that continuity of vessel lumens has nothing to do with the length of individual vessels along the pathway. Particles that are too large to pass through an end wall accumulate there and eventually block water transport. The dierent accessibilities to the xylem continuum of dierent tracers were clearly demonstrated in double tracer experiments, and showed that numerous end walls are present at several locations along the vessels. In shoots transpiring in particle suspensions, leaf wilting and particle accumulation in most vessels in axial bundles at the base of the plexus clearly demonstrate that vessels in axial bundles are almost all one internode in length. The absence of particles from the vessels of all transverse bundles (except where a bifurcation of an axial vessel entered a transverse bundle) shows that vessel end walls always separated the vessels in axial bundles from the vessels in transverse bundles, and the absence of particles from connecting elements within bundles indicates end walls also separate axial vessels from connecting elements.
The ®nding that all the vessels of all the roots ended where they joined with stem vessels is contrary to that of Aloni and Grith (1991) and ZaÂ mecnõÂ k et al. (1994) who used pressurized air to evaluate vessel continuity. They suggested that some roots in maize are safe (i.e. end walls between stem and root vessels) while other roots are not safe (i.e. no vessel ends between stem and root vessels). ZaÂ mecnõÂ k et al. (1994) also found that the rate of ice propagation across the root±shoot interface did not correlate with roots deemed to be safe and unsafe. Their assumption, that vessel end walls would reduce the rate of ice propagation across the root/shoot junction has no obvious physical explanation and there is no reason to expect an end wall (which must be wet within the intact plant) would reduce the rate of ice propagation between vessels. If the vessel were embolized, then the gas space might stop the propagation of freezing. The above studies were complemented with anatomical investigation. They found that some junctions between root and shoot vessels were continuous while others were discontinuous. Our observations of these highly complex areas of vascular connections would indicate that vessel ends cannot be determined de®nitively from sectioning.
Redundancy
Redundancy (in the sense of its use in information theory) is ubiquitous in nature and in biological systems, examples include the numerous legs of a centipede, multiple gene copies on a chromosome and innumerable pollen grains shed by a single anther. It is part of the organism's strategy to minimize the eects of damage and disturbance. The importance of redundancy is stressed in operational research theory and often applies to the organization of company management, government and networks. The central nervous system also uses a very high order of redundancy to obtain reliable results from unreliable elements (Beer, 1966) , giving reliable protection against major errors. It costs more to build a redundant system than a system that is not redundant, but the reliability increases very rapidly for a modest increase in the system's elements. The term is used here to refer to the copious connections at the nodal plexus, which obviously provide discrete regions along the stem at regular intervals for distribution and redistribution of xylem sap. This pattern is common to all grasses including bamboos (AndreÂ , 1998) . The extent of the linkages between bundles in the maize plexus, and between those in roots and leaves has been demonstrated for the phloem by McCully and Canny (1985) who fed 14 CO 2 to a small region of a single leaf of large ®eld-grown plants and later found labelled photoassimilate in all the roots.
The enormous redundancy of the compressed stack of the six ®rst nodes of maize would tie together the vascular system of each of the 60-odd nodal roots and join them to the axial bundles of the ®rst extended internode. This explains how it is possible for single-rooted maize plants to supply water to all the leaves and allow the plant to grow to maturity (Hetz et al., 1996; Jeschke et al., 1997; Shane and McCully, 1999) . The water arriving at the stem base from the six to eight LMX vessels of the single seminal root had to be delivered/distributed to all parts of the stem through connections between bundles in the stack of plexuses.
The redundancy of connections at plexuses would allow water to continue moving upwards around any blockages in individual vessels caused, for example, by embolisms, pathogens, etc. The structural redundancy of bundle connections may also be providing a fail-safe system to stop pathogens and embolisms if diaphragms should fail or are destroyed. If problems arise in the ®lters at one part (or several parts) in the network ( for whatever reason) there are FIG. 4 . A±D, Connecting elements between LMX vessels in axial bundles in a nodal plexus. Longitudinal face views observed by cryoSEM. A, Short, irregularly-shaped connecting elements joined through perforations (arrowheads) between two LMX vessel elements. The bed of connecting elements extends around and along the LMX vessels, providing an alternative route for sap between vessels in axial bundles (see text). Â365. B, The connecting elements are mostly short and irregular. The lumens of adjacent connecting elements are joined through pits with intact pit membranes and through perforations (arrowheads). Â550. C, Connecting elements (CX) are joined to LMX vessel elements through pit membranes not perforations (arrowheads). Â800. D, LMX vessel with a small opening in a lateral wall (arrow). The appressed wall with intact pit membranes of an adjacent connecting element separates their lumens. Â500. E, G±I, Macerates of connecting xylem elements. Optical microscopy (Nomarski). E, An LMX vessel from an axial bundle with a basket-shaped connecting element inserted into the opening in the lateral wall (arrow). Â200. F, The appressed wall of a basket connecting element observed from inside an LMX vessel element. The pit membranes in the wall of the basket xylem are intact. CryoSEM preparation. Â500. G, A basket xylem element like that in E, but separated from the LMX vessel. Â400. H and I, Three-way branching xylem elements from transverse bundles. H, Â200; I, Â400.
many more ®lters within the network to ensure xylem safety and continued water transport. Now that it is clear that embolisms are found in large numbers during the day, and are rapidly re®lled during transpiration (Buchard et al., 1998; McCully, 1999; Pate and Canny, 1999; Shane and McCully, 1999) , the importance of redundant connections, which provide alternative paths for water to move around embolisms, becomes particularly obvious. The importance of redundancy of connections at grass nodes can be further stressed by contrast to the vascular organization of dicotyledonous plants. The grasses, having no vascular cambium, must make all their vascular tissues when they are small, sucient for their needs when they are large. Additional xylem tissue cannot be added in the event of damage or infection so the monocotyledonous xylem must be prepared in advance. Dicotyledonous plants on the other hand, have a vascular cambium from which they produce many new vascular tissues each growing season. These new tissues replace old or damaged tissue, and form constantly renewed bypasses around blockages. Also, the vessels of the dicotyledons are usually connected through adjacent lateral walls along the length of the stem. In grasses, the nodes provide regular intervals along the stem not only for leaf and root insertion but sites where exchange can take place laterally.
Exchange of vessel contents and ®ltering of sap
There are several dierent sites for xylem sap exchange and rerouting around and between vessels within a plexus. Connecting elements would provide a pathway between vessels within axial bundles for water entering the plexus. Transverse bundles connecting axial bundles could also pass water between the vessels of separate axial bundles. The extensive transverse bundle network would allow lateral movement of water across the plexus for some distance before this water enters vessels in other axial bundles. The extent of the direct and alternate water transport pathways in a nodal plexus is similar to the many alternate vessel pathways at the base of a branch-root junction (Shane et al., 2000) . We have expanded the earlier observations on the course of the vascular bundles made by Arber (1930) , Evans (1928) , Sharman (1942) and Kumazawa (1958 Kumazawa ( , 1961 by determining the presence and position of these ®lters within the bundle system, as well as their porosity. Filters are either conventional pit membranes at vessel endings (e.g. Fig. 3M ) or the much larger-diameter diaphragms formed by persisting vessel element end walls (e.g. Fig. 5A±F ). These diaphragms are porous, permitting continuity of vessel water transport but at the same time providing eective ®lters for particles. The location of the ®lters was given by the distribution of latex and gold particles. Filters were located within two nodes between all vessels upward along the vessel pathway of axial bundles, laterally between the vessels within each axial bundle, between vessels in axial bundles and vessels in transverse bundles, and between the vessels in transverse bundles. The ®lters were found to be delicate and easily damaged by sectioning and drying in preparation for light microscopy and SEM, as was found in our previous study (Shane et al., 2000) and also by Thorsch (2000) .
The pore size in the ®lters is very small. The latex particles (maximum 220 nm in diameter) were trapped between root and stem vessels, indicating the pore size of these ®lters is less than 220 nm (we did not use gold for stem/root studies). The trapping of gold particles 20 nm (+1 . 4 nm) on ®lters in the vessels of the stem indicates that the pore size is less than 20 nm in diameter. A xylem tension of approx. 15 . 0 MPa (Zimmermann, 1983) would be required to pull an air±water interface through a pore of this size. Though we did not test these ®lters with the gold particles 5 nm in diameter, which did not pass through the similar diaphragms at branch root junctions (Shane et al., 2000) , it is quite possible that the nodal ®lters have pores as small as this. Thus air-seeding as a cause of cavitation (Tyree and Sperry, 1989 ) in vessels at nodes seems unlikely. The small size of these pores also suggests that the passage of bacteria and most viruses between vessels would be restricted.
The large ®ltering diaphragms acting as vessel end walls in fully mature nodal tissues are similar to those we found in the vascular plexus at branch root junctions (Shane et al., 2000) . These diaphragms are best observed in slightly dehydrated material prepared for the cryoSEM and are common in vascular tissues which have developed, not directly from the meristem, but from de-dierentiated parenchyma cells. It would be interesting to determine their occurrence in the similarly de-dierentiated parenchyma cells that develop into xylem elements around wounded vascular tissue (e.g. Figs 6, 8 in Robbertse and McCully, 1979) .
